Preprints are preliminary reports that have not undergone peer review. 


5 Research Sq uare They should not be considered conclusive, used to inform clinical practice, 


or referenced by the media as validated information. 


Characteristics of bacterial community during the pile 
fermentation of Pu-erh tea in a five-ton batch of Pu-erh tea 
commercial production process 


Rui-Juan Yang 

Yunnan Agricultural University 
Wei Zhang 

Beijing University of Chemical Technology 
Qiao-Mei Wang 

West Yunnan University of Applied Sciences 


Wen-Shu Peng 

West Yunnan University of Applied Sciences 
Jie Lv (S% lvjie@mail.buct.edu.cn ) 

Beijing University of Chemical Technology 


Liang Yan 
West Yunnan University of Applied Sciences 


Jun Sheng 
Yunnan Agricultural University 


Jun Lu 
Auckland University of Technology 


Research Article 

Keywords: bacterial community, Pu-erh tea, fermentation, PCR-DGGE, isolation, q-PCR 
Posted Date: July 8th, 2022 

DOI: https://doi.org/10.21203/rs.3.rs-1810590/v1 


License: €) @ This work is licensed under a Creative Commons Attribution 4.0 International License. Read Full 
License 


Page 1/17 


Abstract 


The purpose of this investigation was to study the bacterial community and the dominant bacterial species in the 
fermentation process of Pu-erh tea. Bacteria were isolated under different temperature, humidity and acidity conditions 
according to the actual pile-fermentation characteristics. The 16S rRNA gene analysis results revealed that these 
bacteria could be classified as 27 species. Polymerase chain reaction denaturing gradient gel electrophoresis (PCR- 
DGGE) profile showed that K/ebsiella pneumoniae, Enterobacter turicensis, Lactobacillus plantarum, and Enterobacter 
aerogenes presented as dominant species. The number of these four dominant bacteria reached 108, 108, 10° and 107 
copies/g dry tea, respectively, at the initial stage detected by real-time quantitative PCR (q-PCR), and all decreased 
during the process of pile fermentation. The knowledge will enable industrial selection, maintenance and growth of 
starter culture for high quality Pu-erh tea. 


Introduction 


Pu-erh tea is a well-known traditional Chinese beverage, mainly produced in Yunnan Province, southwest of China. It 
not only has special sensory characteristics, but also has a variety of health benefits, such as reducing weight gain 
and fat accumulation (Zeng et al. 2015), anti-bacteria (Su et al. 2012), anti-oxidation (Wang 2019), anti-tumor (Zhao et 
al. 2013; Han et al. 2019), glycemic control (Zhang et al. 2018), and decreasing the risk of atherosclerosis (Hou et al. 
2009). Chen et al. (2018) found that water extracts of Pu-erh tea had a strong scavenging activity of free radicals, and 
ethylacetate component and residual water layer had scavenging activity of O.* and *OH, respectively. Han et al. 
(2019) evaluated the anticancer activity of seven monomeric substances screened from Pu-erh tea in four cancer cell 
models (mouse liver cancer, human colon, liver and breast cancer), and found that B-ionone had the strongest 
anticancer activity. The exercise endurance test of mice showed that both the aqueous extract and the polysaccharide 
of Pu-erh tea could significantly prolong the swimming time of mice, suggesting Pu-erh tea has a better anti-fatigue 
effect (Jiang et al. 2012). In addition, Pu-erh tea is rich in tea polyphenols and some fluoride ions, which could play an 
anti-caries role through the inhibition of the growth and adhesion of bacteria in dental creases by tea polyphenols and 
the anti-acid effect of fluoride (Tian et al. 2016). 


The raw material of Pu-erh tea is made from sun-dried green tea leaves (Camellia sinensis var. assamica) (Lee and 
Foo 2013). The dried green tea leaves are piled up for 4-6 weeks for the pile fermentation process, leading to a series 
of condensation, oxidation and degradation reactions (Lv et al. 2012). The tea leaves are turned over about once a 
week in order to ensure the fermentation uniformity. The fermented tea pile becoming reddish-brown is a sign to stop 
fermentation (Lee and Foo 2013). Compared with traditional raw Pu-erh tea called post-fermentation tea, the pile 
fermentation process can obviously shorten the manufacturing time and decreases the production cost. Pile 
fermentation is the key step in Pu-erh tea production and microorganisms play an important role in the production of 
color, aroma, taste and the health functional components in this process. Chen et al. (2013) found that polyphenols 
(catechins, quercetin, kaempferol, kaempferol-3-glucoside and myricetin) generally decreased as fermentation 
continued, and ripened Pu-erh tea developed a wonderfully complex taste (silky smooth and mellow) as a result of that 
decrease. Li et al. (2012) found that the content of total flavonol glycosides decreased significantly throughout the 
fermentation stage, from 15.71 mg/g in the raw material to 5.32 mg/g at the end of the pile-fermentation. The 
deglycosylation process might be caused by the microbial glycosidase hydrolyzes the flavonoid glycosides in the 
fermentation process to produce certain free flavanol glycosides. 


The diversity of microbiota in Pu-erh tea pile-fermentation has been investigated by culture and culture-independent 
methods, such as polymerase chain reaction denaturing gradient gel electrophoresis (PCR-DGGE) (Abe et al. 
2008;Yang et al. 2013;Tian et al. 2013;Zhang et al. 2016), 16S rRNA gene clonal library (Zhao et al. 2013), and 
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pyrosequencing analyses (Lyu et al. 2013; Zhao et al. 2015). At present, research on microorganisms in Pu-erh tea 
fermentation mostly focus on fungi (Wang et al. 2015; Fang et al. 2019; Zhang et al. 2016), with less emphasis on 
bacteria. Using 16S rRNA gene clone library, Zhao et al. (2013) concluded that Enterobacteriaceae dominated at the 
initial stage of fermentation as well as in the raw materials but changed to Bacillaceae at the later stage of 
fermentation. Using the 454 pyrosequencing, Ma et al. (2017) demonstrated that most bacteria proteins were 
associated with Proteobacteria and the dominant bacteria were Proteobacteria. 


Even though high-throughput sequencing is the mainstream method to study the microbial community in Pu-erh tea 
fermentation (Yang et al. 2013; Li et al. 2018), the polymerase chain reaction denaturing gradient gel electrophoresis 
(PCR-DGGE) and real-time quantitative PCR (q-PCR) are still convenient and effective methods for determining the 
microbial population structures. Compared with high-throughput sequencing technology, PCR-DGGE is more 
intuitionistic to compare and analyze the changes of microbial community structure and can highlight the dominant 
bacteria to the species level. Using PCR-DGGE and q-PCR methods, we previously have revealed that Rasamsonia 
emersonii, Rhizomucor pusillus, Aspergillus fumigatus and Aspergillus niger are the major fungi in Pu-erh tea 
fermentation (Zhang et al. 2016). 


Most previous studies were conducted by experimental small pile-fermentation (Zhao et al. 2013; Ma et al. 2017). 
However, it is well known that the microorganisms and physicochemical characteristics are greatly different from the 
actual commercial production process of Pu-erh tea. In this paper, we collected samples from a five-ton batch of Pu- 
erh tea commercial production process. The dominant bacteria in the whole Pu-erh tea fermentation process were 
analyzed by culture-dependent dilution plate, culture-independent PCR-DGGE and real-time quantitative PCR (q-PCR), 
and the bacterial diversity and dynamics were investigated. We aimed to reveal the composition and variation of 
bacterial community in the whole fermentation process to identify and quantify key bacteria. 


Materials And Methods 


Sampling and physicochemical characterization during the Pu-erh 
tea fermentation process 


A five-ton pile-fermentation batch of sun-green tea was stacked for 49 days in the standardized planet for Pu-erh tea in 
Pu-erh Tea Science Research Institute, Pu’er city of Yunnan province, China. The tea leaves were prepared for pile- 
fermention as following: 1) Tea leaves were passed transiently through a semi-automatic rotary kiln to remove 
moisture and inactivate the enzymes in the fresh leaves. 2) The leaves were rolled, spread and dried in the sunlight to 
obtain the raw material. Blends of the materials were first wet with water to reach an average water content of 45% 
and piled to about one-meter height to start the fermentation. The pile-fermentation was carried out from October 20 to 
December 7, 2017. The pile was turned over on Oct 28, Nov 4, Nov 15, Nov 24 and Dec 3 to improve uniformity and 
avoid heap burning. All processes were performed in accordance with traditional method by skilled workers. 


Aseptic sampling was performed at 8:00 am each time from five representative points distanced from the edge of the 
bulk 1m or more, and were not repeated at the same place in different sampling day. The collected samples (total 
about 1.5 kg wet) were mixed evenly and packed in sterile self-sealing bags. On the turning-over day, the pile was 
equally divided into three vertical sections according to the pile-height. The tea samples from the upper, middle and 
lower layers were uniformly captured along the vertical sections and mixed, respectively. A quarter of mixed samples 
(the upper, middle and lower layers, respectively) were taken out and mixed again to get the experiment samples in 
sterile self-sealing bags (total about 1.0-1.5 kg wet). The temperature, humidity of the workshop and pile temperature 
(5 different points at the middle site of the pile) were recorded each day at 8:00, 11:30 and 17:30. The water content of 
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the leaf samples (about 100 g) was calculated after drying at 103°C for 5 h. Tea sample of 1 g was added to 5 mL of 
distilled water, stirred with a glass rod and pH was measured with a precision pH meter (MP512-01, Sassin, Shanghai, 
China). The measurement of water content and pH were carried out 5 times repeating. 


Isolation and identification of bacteria 


Luria-Bertani agar (tryptone 10 g, yeast extract 5 g, NaCl 10 g, agar 18 g, L') and Gauze agar (soluble starch 20 g, 
sodium chloride 0.5 g, potassium nitrate 1 g, dipotassium phosphate 0.5 g, magnesium sulfate 0.5 g, iron sulfate 
7H,0 0.01g, agar 16 g, L') were used as the basic culture medium. The pH of the medium was adjusted according to 
the pH of tea homogenate on the day of sampling. Fermentative tea sample of 10 g and 90 mL sterile water were put 
into a sterile self-sealing bag, then flapped into a homogenizer for 3 min. The diluted bacterial suspensions (10°, 10, 
10°-fold dilutions) were spread on the agar medium and incubated at 25, 37, 45, 55, and 60°C, respectively. The 
number of bacteria in each sample was calculated using the flat colony counting method at 37°C. 


The purified bacterial cultures were identified by 16S rRNA gene sequencing (Li et al. 2012). The PCR amplification 
was performed using ExTaq (TAKARA, Kyoto, Japan) with upstream primer 27F and downstream primer 1492R 
(Table 1). The total volume of the PCR amplification was 50 uL, containing ExTaq (5.0 U/uL) 0.5 uL, the 10 x PCR 
buffer for ExTaq 5uL, dNTP mixture (2 mM) 4uL, primer 27F (20 pmol/L) 1uL, primer 1492R (20 umol/L) 1 pL, DNA 
template 1 uL and 37.5 uL of sterilized Milli-Q water. The PCR amplification procedure was as following: (1) initial 
denaturation at 94°C for 5 min, (2) denaturation at 96°C for 30 s, (3) annealing at 52°C for 30 s, (4) extension at 72°C 
for 90 s, (2)—(4) repeat 34 times, (5) insulation at 4°C. The PCR products were sequenced by Beijing Ruibo 
Biotechnology Co., Ltd., China. Identification at species level and calculation of pairwise 16S rRNA gene sequence 
similarity were performed using the EzTaxon-eserver (http://www.eztaxon.org/) 


Table 1 


Primers used in this paper. 
Application Primer Sequence (5'-3’) 


Identification 27F AGAGTTTGATCMTGGCT CAG 
of bacteria 1492R TACGGYTACCTTGTTACGACTT 


PCR-DGGE F357- CgCCCgCCgCgCgCggCgggCggggCgggggCACggggggCACggggggCCTACgggAggCAgCAg 
GC 


R518 ATTACCgCggCTgCTgg 

q-PCR KP-f AGTAATGTCTGGGAAACTGCCT GAT 
KP-r TGATGGCATGAGGCCCGAAGG 
LP-f TAACAACAGAGTTTTACGAGCCGAA 
LP-r ACGGGAGGCAGCAGTAGGGAATCTT 
ET-f AACCTTACCGCCTTCCTCCTCGC 
ET-r CGGGAGGCAGCAGTGGGGAATA 
EA-f GCGAGTACGTCATCGGCAAGGTTAT 
EA-r CGGGAGGCAGCAGTGGGGAATA 


KP: Klebsiella pneumoniae, LP: Lactobacillus plantarum, ET: Enterobacter turicensis, EA: Enterobacter aerogenes. f: 
forward primer; r: reverse primer. 
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PCR amplification for DGGE analysis 


DNA extraction of tea samples was carried out as follows: a tea sample of 10 g was put into a sterile bag, 90 mL 
sterilized 0.8% Tween buffer added, then beaten for 3 min to obtain the microorganism suspension. A 1 mL aliquot of 
the suspension was transferred into a 2 mL microcentrifuge tube, briefly centrifuged at 12,000 rpm for 2 min to recover 
the microbes as a pellet. DNA extraction from the pellet was conducted using Dneasy plant Mini Kit (QIAGEN GmbH, 
Hilden, Germany) according to the manufacturer's instruction with minor modifications in speed and time for 
centrifugation (which were slightly increased). The PCR amplification was also performed using ExTaq. Upstream 
primer F357-GC and downstream primer R518 (Table 1) were synthesized by Beijing Sunbiotech Co., Ltd., Beijing, 
China. The total volume of the PCR amplification was 50 uL, containing ExTaq (5.0 U/uL) 0.5 uL, 10 x PCR buffer for 
ExTaq 5uL, dNTP mixture (10MM) 1pL, MgCl, (25mM) 4uL, primers (10 pmol/L) 1pL, DNA template 2 uL and 35.5 yuL 
of sterilized Milli-Q water. The PCR amplification procedure was as following: (1) initial denaturation at 94°C for 3 min, 
(2) denaturation at 94°C for 30 s, (3) annealing at 57°C for 45 s, (4) extension at 72°C for 40 s, (2)-(4) repeat 35 times, 
(5) insulation at 4°C. DCode Universal Mutation Detection System (Bio-Rad, Hercules, CA, USA) was used for the DGGE 
amplification product analysis. Polyacrylamide gel (with the ratio of 8% w/v acrylamide to bisacrylamide at 37.5:1) 
and a 37-55% denaturing gradient urea-formamide (100% corresponding to 7 M urea and 40% w/v deliomized 
formamide) for bacteria were prepared, then 30 ul PCR products were added into each well. The electrophoresis for 
PCR were performed in 1.0xTAE (Tris-acetate-EDTA) gel at 180 V and 60°C for 4.5 h. After the electrophoresis, the gel 
was dyed on the shaking table for 35-40 min. The bands were cut off with sterile blades under UV lamp, washed with 
30 uL ethanol and milled. The DNA was soaked and dissolved out in sterilized Milli-Q water for 24-48 h at 4°C. The 
PCR amplification methods were described above (2.3 PCR amplification for DGGE analysis) and the amplified 
product was sent to Shanghai Sangon Biotechnology Services Co., Ltd for sequencing. 


Quantification of dominant bacterial species by q-PCR 


Klebsiella pneumoniae, Lactobacillus plantarum, Enterobacter turicensis and Enterobacter aerogenes were quantified 
using real-time quantitative PCR. Table 1 showed the sequences of q-PCR primers for each bacteria species. 
Quantitative PCR were performed with the ABI 7500 Real-Time PCR Systems (Applied Biosystems, Waltham, MA, USA). 
The PCR reaction was performed in a total volume of 20 UL using the UltraSYBR Mixture with Rox (CWbio. Co. Ltd. 
Beijing, China), containing 10 uL of 2xUltraSYBR Mixture, 0.4 uL of each of the primers (10 uM), 2uL of template DNA 
and H,0. UltraSYBR was used as a fluorescent dye, which could quantify thermal denaturation accompanying 
software to perform melting curves (Gonzalez and Saiz-Jimenez 2005; Huang et al. 2014). Gene copy numbers were 
determined according to a standard curve as described previously (Ye et al. 2011; Jamal et al. 2012). The standard 
curve was obtained by gradient plasmid dilutions of a quantitative plasmid DNA. The PCR amplification procedure 
was as following: (1) 95°C for 20s; (2) pre-denaturation at 95°C for 20 s, denaturation at 95°C for 5s, annealing for 40 
s, elongation at 72°C for 50 s, a total of 40 cycles for this step; (3) 95°C for 15 s and 75°C for 1 min. Nucleic acid 
isolation and q-PCR were carried out with three replications for each sample. 


Results 
Characterization of fermentation process 


The changes of physical and chemical factors (temperature, water content and pH) during the whole fermentation 
were shown in Fig. 1. Temperature, water content and pH of samples 1-11 (S1-S11) were listed in Table 2. The 
temperature range of the fermentation workshop was 22- 28°C, and the humidity range was 50-60% during the pile- 
fermentation. The temperature of the pile went up rapidly to 45°C on the second day and maintained at around 54- 
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65°C until close to the end of the fermentation. S3, S4, S6 and S8 were the sharp drop (Fig. 1) in temperature caused 
by turning-over. The pH value of dry raw material was pH 5.4. At the early phase, pH decreased gradually to 4.5 at Day 
9, and then the pH was maintained at about 4.5-5.0 with little fluctuation. At the late phase (day 40-49), pH value 
began to recover, rose to 5.7 at the end. The water content of the raw material initially was around 8.9%. At the 
beginning of pile-fermentation, water content was adjusted to around 45% to encourage the activity of 
microorganisms. After that, water content generally decreased, and when it decreased to 14% at the end of 
fermentation (Fig. 1). 


Table 2 
The pH, temperature, water content and bacterial count of samples 1-11. 


Samples Time (Day) pH Temperature (°C) WaterContent(%) Bacterial counting 
(cell/g dry tea) 


| S1 1 5.46 28.0 45.31 5.1x107 | 
| S2 2 5.19 46.9 45.41 6.2107 | 
| S3 9(first turning over) 4.52 50.2 39.02 5.2x107 | 
| S4 16(second turning over) 4.54 53.0 36.89 6.5x10° | 
| S5 20 5.65 62.6 34.54 3. 3x108 | 
| S6 27(third turning over) 4.65 48.9 33.53 1.3x10° | 
| S7 30 485 61.8 27.97 8.1x108 | 
| S8 36(fourth turning over) 4.89 48.1 30.19 6.8x102 | 
| S9 40 5.79 58.5 25.53 9 3x108 | 
| $10 45(fifth turning over) 5.60 52.9 27.50 1.5x105 | 

S11 49 5.73 39.9 14.47 2.8x104 | 


Identification of isolated bacteria in pile-fermentation 


Through primary morphological observation, more than 800 colonies were picked up, isolated and then further 
identified at the species level by 16S rRNA gene sequencing. According to the results of 16S rRNA gene sequence 
analysis, repeated sequences from the same species were merged and 27 species were established. We preserved at 
least one pure strain from each species and uploaded sequences to the Genbank. Table 3 listed all the species that 
have been uploaded and accepted by the Genbank. The quantity and diversity of bacterial species were more 
abundant in the early stage than in the late stage of fermentation (Table 2 and Table 3). Though Lactobacillus 
plantarum, Klebsiella pneumoniae, Bacillus subtilis, Bacillus coagulans, Bacillus licheniformis, Bacillus 
thermoamylovorans, Pediococcus acidilactici, Brevibacillus panacihumi, Thermoactinomyces vulgaris and 
Geobacillus thermoleovorans cannot be directly recovered from plates incubated at 45°C and 55°C, but they can be 
recovered at low temperatures (25°C, 37°C), suggesting that though these species are not actively growing at elevated 
temperatures of fermentation, they are still present and viable under these conditions. 
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Table 3 


Isolation and identification of bacteria from the whole pile fermentation. 
Isolate No. Isolationtem. (°C) Closest relative Accession number Isolation source 


| 1 25 
| 2,3 25 
| 4-6 25 
| 7 25 
| 8,9 25 
} 10 25 
11 25 
| 12,13 25 
| 14-19 25 
| 20 25 
| 21 37 
| 22-24 37 
| 25 37 
| 26 37 
| 27-29 37 
| 30-36 37 
| 37 37 
| 38,39 37 
| 40-47 37 
| 48-51 37 
| 52-59 45 
| 60-63 45 
| 64-66 45 
| 67-70 45 
| 71 45 
| 72-73 45 
| 74 45 
| 75 45 
| 76 55 
| 77 55 


Aeromicrobium camelliae 


Alcaligenes faecalis 
Bacillus paramycoides 
Blastomonas natatoria 


Curtobacterium luteum 


Microbacterium nanhaiense 


Erwinia persicina 


Gordonia paraffinivorans 


Klebsiella pneumoniae 
Kocuria turfanensis 
Alcaligenes faecalis 


Bacillus cereus 


Brachybacterium sacelli 


Klebsiella singaporensis 


Klebsiella pneumoniae 


Enterobacter aerogenes 


Pseudomonas moorei 


Sphingomonas yunnanensis 


Enterobacter turicensis 


Staphylococcus kloosii 


Lactobacillus plantarum 


Klebsiella pneumoniae 
Bacillus subtilis 
Bacillus coagulans 


Bacillus licheniformis 


Bacillus thermoamylovorans 
Pediococcus acidilactici 
Brevibacillus panacihumi 


Thermoactinomyces vulgaris 


Bacillus subtilis 


MN733015 
MN733138 
MN733140 
MN733146 
MN733147 
MN733143 
MN733145 
MN733149 
MN733155 
MN733156 
MN733139 
MN733157 
MN733163 
MN733160 
MN733148 
MN733162 
MN733161 
MN737131 
MN736129 
MN7331 66 
MN733169 
MN733150 
MN733170 
MN733181 
MN733188 
MN733190 
MN733197 
MN733195 
MN733196 
MN733200 


$2 

$1, $2, $3, 

$1, $2, $3, $5, $7 

$2 

$2, S3 

$1 

$5 

$2, S3 

$1, $2,S3, $5, S7,S9 
$2, S3, S4 

$1, $5, $9 

$1,S3, S4, S6,S7, S10 
$2 

$1,S4 

$1,S2, S5, S6 

$2, $3, S5, S6, S7, S8 
$5 

$3, S4,S5 

$3, $4, S5, S7, S9 

$3, $4, S5, S6 

$1,S2, S4, $5, S9, S10 
$2, $3, S5, S7 

$1, $2, S3, S4 

$1, $2, S3, S4, S6,S10 
$3, $4 

$3, $4, S6,S8 

$3, S4 

$2, S3 

$4, S6 

S3 
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IsolateNo. Isolationtem. (°C) Closest relative Accession number _ Isolation source 


| 78 55 Bacillus coagulans MN733201 S6, $8 | 
| 79 55 Bacillus thermoamylovorans |MN733206 S3,S4 | 
| 80 55 Geobacillus thermoleovorans MN733205 S3, S4 | 


Analyses of PCR-DGGE 


Figure 2 showed the DGGE fingerprints of 11 different tea samples (S1-S11, also shown in Fig. 1) during the 
fermentation process. Lane 1-11 represented 11 tea samples (S1-S11) on different days during the 49-day 
fermentation. S1-S11 represented the tea samples collected on day1, 2, 9, 16, 20, 27, 30, 36, 40, 45, and 49, 
respectively. Among them, S1 was the initial tea sample which had just been added water to prepare for the 
fermentation. S3, S4, S6, S8 and S10 were collected at the No. 1-5 turning over time points (Fig. 1 and Table 2). 


Bands a-h were cut from the DGGE polyacrylamide gel, amplified by PCR, and sequenced. Figure 2 listed the bacterial 
identification results, Klebsiella pneumoniae (band a), Enterobacter turicensis (band b), Enterobacter aerogenes (band 
c) and Lactobacillus plantarum (band d) were the dominant bacteria and were selected to be quantified by q-PCR as 
the dominant species. 


q-PCR of dominant bacteria 


Figure 3 showed the q-PCR quantitative results of the four selected dominant species isolated from Pu-erh tea 
samples during the whole fermentation process. FE. turicensis had higher copies than E. aerogenes, while E. turicensis 
was around 108 copies/g dry tea in the initial stage, and decreased to around 10° at the end of the fermentation. K. 
pneumoniae had the highest copies ranging from 10° to 10° during the fermentation. L. plantarum reached high 
copies at the initial turning overs, and its number remained between 10° and 10” during the whole fermentation. 


Discussion 


In this paper, bacterial community and the dominant bacterial species in a 5-ton commercial Pu-erh tea production 
process was investigated. Previous studies were all conducted by experimental small pile-fermentation. Zhao et al. 
(2013) used 150 kg tea leaves for pile-fermentation to analyze the structure and dynamics of the bacterial 
communities in Pu-erh tea fermentation. Ma et al. (2017) analyzed the microbial succession and the dynamics of 
chemical compounds using 30 kg Pu-erh tea leaves to conduct fermentation. However, actual production of Pu-erh tea 
usually use more than 4 tons of tea leaves to pile. Study the commercial scale pile-fermentation of Pu-erh tea gives 
results in actual real-life process, which is more accurate than mimicking laboratory scale. Pu-erh tea production is a 
natural fermentation process which was greatly affected by environmental factors. In order to avoid the influence of 
changing environmental factors and microorganisms, and focus on the key bacteria of the pile-fermentation, this 
study was carried out in the standardized demonstration fermentation process workshop sanctioned by Yunnan 
Province. In this workshop, the process of Pu-erh tea pile fermentation were well-controlled. The pile characteristics in 
this work matched well with our precious report (Zhang et al. 2016). 


To the best of our knowledge, this is the first report which bacteria were isolated under high temperature and low pH 
according to the actual fermentation conditions. It shows that high number of bacteria exists at the initial stage. Using 
the traditional plate-isolation method, we focused on the temperature and pH ranges in the pile-fermentation process. 
There are some reports on the bacterial diversity during the Pu-erh tea fermentation using traditional plate-isolation 
methods at 25-—37°C (Zhao et al. 2015; Ma et al. 2017; Dong et al. 2013), which may lead to counting a large number 
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of bacteria not growing for the high temperature and acidic conditions. In this study, plate-culture method was used to 
isolate and identify the bacterial species during the whole fermentation process taking both high temperature (45°C, 
55°C) and low pH value into the experiment consideration. Klebsiella pneumoniae, Bacillus licheniformi, Pediococcus 
acidilactici, and Lactobacillus plantarum could grow at 45°C. Bacillus thermoamylovorans, Bacillus coagulans, 
Bacillus subtilis and Geobacillus thermoleovorans could grow at 55°C. These thermophilic bacteria may play a key 
role in the Pu-erh tea pile-fermentation. The first step in the Pu-erh tea fermentation is to add water to lead the water 
content of the pile to reach 42-45%, providing favorable conditions for the growth of aerobic bacteria to promote the 
rapid oxidation of tea chemical constituents (such as polyphenols). During 24-48 h, the temperature of fermentation 
pile increases rapidly and the oxygen content decreases, which promotes the oxidation of organic acids and reduces 
the pH of tea leaves. Hence, the aerobic bacteria dominate in the initial stage of fermentation. As pointed out in the 
previous report (Zhang et al. 2016), because of high water content and suitable temperature, a number of bacteria 
grew rapidly in the initial stage, and then with the decreased water content and increased temperature, fungi started to 
play the main role instead of bacteria. 


Figure 2 showed the change of bacterial community structure during the fermentation process and bands a-h showed 
obvious difference in brightness on different days. E. turicensis (band b), E. aerogenes (band c), K. pneumoniae (band 
a), L. plantarum (band d), Bacillus coagulans (band e) and Staphylococcus kloosii (band h) have all been identified as 
dominant bacteria by plate-isolation method. B.coagulans (band e) has been detected to be the dominant bacteria, 
and it could grow at the temperatures varied from 40 to 55°C (Zhao et al. 2013). B. coagulans possesses pathogen 
exclusion, antioxidant and antimicrobial abilities. It is used as a safe thermoduric probiotic (Elshaghabeeg et al. 2017; 
Jezewska et al. 2018) and is good for the gut environment of animals and humans (Konuray and Erginkaya 2018). S. 
kloosii (band h) was first isolated from squirrels, and has beneficial effect to promote strong resistance to fusidic acid 
in ready-to-eat foods (Mascarenhas et al. 2018; Wang et al. 2019). Pantoea agglomerans (band f), a bacterium 
associated with plants, is not an obligate infectious agent in humans (Dutkiewicz et al. 2016; Salimizand et al. 2018). 


The combined results of plate-isolation and culture-independent methods showed that E. aerogenes (band c) and E. 
turicensis (band b) appeared in large quantities during the fermentation process. It is reported that E. aerogenes 
survival was highest at 50% relative humidity on surfaces of stainless steel, polyvinyl chloride, and ceramic tile 
(Matthew et al. 2019). This may be the reason why it appeared in large quantity in the initial stage of fermentation 
where the water content of tea leaves was at the highest. FE. aerogenes was usually used as fermentative bacteria to 
improve polyhydroxyalkanoates yield (Arumugam and Furhana 2020). E. turicensis was reclassified as Cronobacter 
zurichensis in 2013 which often live in the plant environment (vegetables, fruit, water and environmental swabs) 
(Brady et al. 2013; Vojkovska et al. 2016). This may be why it appeared in large quantity in the tea leaves. 


L. plantarum (band d) is one of the major lactic acid bacteria species obtained from plant materials and is frequently 
found in fermented foods with plant origin (Eom et al. 2015). It is reported that L. plantarum could absorb and make 
use of many different peptides and sugars to form amino acids. Vries et al. (2006) found that L. plantarum could 
adapt to a variety of conditions because it had a high number of genes encoding regulatory functions, such as L. 
plantarum WCFS1, a single colony isolate of L. plantarum NCIMB 8826 from human saliva, had the coding capacity 
for the uptake and utilization of many different sugars, uptake of peptides, and formation of most amino acids. L. 
plantarum has the ability to survive in the simulated gastric juice conditions and has been used as probiotics which 
inhibited Staphylococcus aureus and Escherichia coli adhesion in the intestine, which means it is possible to be a 
probiotic for human consumption (Alizadeh et al. 2019; Rumjuankiat et al. 2015). L. plantarum increases type | muscle 
fiber in gastrocnemius muscle and has potential effects on energy homeostasis which is beneficial to exercise 
performance (Komano et al. 2018; Chen et al. 2016; Jin et al. 2015). It is reported that L. plantarum group strains have 
been isolated from two kinds of post-fermented teas. Black tea beverage fermented by L. plantarum has the increased 
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content of characteristic aroma substances, which greatly enriched the main aroma of the black tea (Gokavi et al. 
2005; Horie et al. 2019). 


As an endophyte, K. pneumoniae (band a) can promote the growth of plants and has a nitrogen fixation effect (Huang 
et al. 2016). K. pneumoniae has been isolated from the bulbs of healthy banana plants (Avallone et al. 2001) and has 
been found to be the predominant bacteria during the coffee processing (Xia et al. 2011; Avallone et al. 2002; Vilela et 
al. 2010; Elhalis et al. 2020). These reports indicate that K. pneumoniae may come from the fresh leaves of tea. 


Whether the microorganisms in Pu-erh tea fermentation still retain or exist activity in the final productions is a subject 
warrant further study. In order to avoid the retention of some microorganisms, we have also developed a series of 
powdered Pu-erh tea extract products, which have the same efficacy as the traditional fermented Pu-erh tea, but the 
product is much safer and the brewing is more convenient. Pu-erh tea extract (PTE) was a functional beverage to treat 
chronic alcohol consumption-induced microbiomic and metabolomic disorder (Liu et al. 2020). Ripened Pu-erh tea 
extract (RPT) was a potential anti-inflammatory nutraceutical for the prevention and treatment of colonic colitis 
(Huang et al. 2020). Luo et al. (2019) reported the potential mechanism of Pu-erh tea aqueous extract on the 
prevention and treatment of hypertension. 


Conclusions 


In this study, culture-dependent method (plate isolation) and culture-independent method (PCR-DGGE) were carried out 
to study the dominant bacteria and their changes during the whole fermentation process of Pu-erh tea. In addition to 
the above qualitative analysis, 7 PCR was used to determine the quantities of the dominant bacteria. The purpose of 
this study was to find out the key microorganisms, especially the key bacteria, which play a key role in the natural 
fermentation process. At present, we believe that these dominant bacteria isolated from this study were important 
bacteria that play a key role in fermentation. The special flavor and beneficial effect of Pu-erh tea are closely related to 
the action of microorganisms which have adapted to high temperature, decreased water-content and low pH 
conditions. The indicators in traditional pile-fermentation of Pu-erh tea generally relies on the human experience to 
control, which greatly restricts the production scale of Pu-erh tea. In order to ensure the stability of Pu-erh tea quality, it 
is not only necessary to determine the bacterial community structure in the fermentation process, but also to 
understand the changing dynamics of bacteria, including the dominant bacteria species. This study clarified the 
diversity of bacterial community structure and obtained a large number of bacterial species which can be used as 
future resources in Pu-erh tea pile-fermentation. The identification of many bacteria using culture-based method is 
also a great advantage than the non-culture method (such as high-throughput sequencing analysis). Future research 
will focus on the effects of dominant and thermophilic bacteria on the chemical compositions of tea leaves to 
understand the mechanism of microbial influence on tea quality. Bacterial population change and dynamic of 
formation of some bioactive metabolites will be analyzed by metagenomic and metabolomic methods. The 
importance of the recorded bacterial species and their role on the specificity of the biochemical processes occurring 
during the fermentation will be investigated. Thermophilic bacteria such as the beneficial properties of L. plantarum 
will be evaluated and investigated. 
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Figure 1 


Variation of environmental factors with fermentation time. Arrows 1-11 represent 1-11 sampling points (day 1, 2, 9, 16, 
20, 27, 30, 36, 40, 45, 49). The black line, the red line and the blue line represent the change of pH, temperature and 
water content during the fermentation, respectively. 
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a, Klebsiella pneumoniae 
b, Enterobacter turicensis 
c, Enterobacter aerogenes 
d, Lactobacillus plantarum 
e, Bacillus coagulans 

f, Pantoea agglomerans 

g, Acinetobacter baumannii 


h, Staphylococcus kloosii 


Figure 2 


DGGE banding profiles of bacterial community in the Pu-erh tea fermentation. Lanes 1-11 represented tea samples S1- 
$11 during different fermentation period. The relatively strong band above band b was found to be the same species 
as band b. 
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Change of gene copy number of the four dominant bacteria species during the Pu-erh tea pile fermentation. Error bars 
represent the standard deviation from triplicate tests for each sample. 
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